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ARTICLE INFO ABSTRACT
Keywords: Lithium-ion batteries (LiBs) can play a vital role in the stable transition towards a renewable and low-carbon
Spent LiBs society by replacing fossil fuel-based power sources in transportation, electronics, and energy storage devices.
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In future, a surge in electric vehicle adoption is expected, which will result in a high demand for LiBs, accu-
mulation of spent LiBs, and challenges in supplying critical metals for battery industries. The sustainable man-
agement of abandoned LiBs can be achieved via urban mining to protect the environment from LiB disposal and
conventional mining. Currently, <5% of decommissioned LiBs are recycled into valuable resources. Therefore, a
paradigm shift in recycling processes is required to change the current recycling status at ground level. Hy-
drometallurgical processes are most commonly used to leach precious metals (Li, Co, and Ni) from solid to
aqueous phases. However, the complete recovery from a leached solution is challenging. This membrane-
integrated hybrid approach can facilitate the development of an efficient, eco-friendly, and cost-effective
method for the downstream separation and recovery of valuable metals from spent LiBs. This review presents
a comprehensive literature survey on the recycling of valuable metals from spent LiBs and further directs
research on new membrane-based sustainable approaches to enhance value recovery. A tailor-made membrane
in an appropriate module, can be easily integrated with conventional processes to achieve a high degree of
process intensification during recovery and boost the scale-up confidence and circular economy approach.

1. Introduction cleaner and more sustainable planet, as they may curtail our dependency
on conventional fossil fuel-based energy generation with renewable
Lithium-ion batteries (LiBs) are expected to become essential for a energy sources, for example, solar and wind power [1]. LiBs constitute

Abbreviations: AEM, anion exchange membranes; BMED, bipolar membrane electrodialysis; CEM, cation exchange membranes; CRR, carbothermic reductive
roasting; DCMD, direct contact membrane distillation; DESs, deep eutectic solvents; ECR, electrochemical reactor; ED, electrodialysis; EOL, end-of-life; ESM, energy
storage material; EV, electric vehicle; FO, forward osmosis; GHGs, greenhouse gases; HGMS, high-gradient magnetic separator; HIMS, high-intensity magnetic
separation; IEM, ion-exchange membrane; ILs, ionic liquids; IRMS, induced roll magnetic separator; ISM, ion-sieve membrane; LCO, Li-Co oxide; LFP, Li-Fe-phos-
phate; LiB, lithium-ion batteries; LISMs, Li-ion sieves membranes; LMO, Li-Mn oxide; MD, membrane distillation; MF, microfiltration; MDCr, membrane distillation
crystallization; NCA, Li-Ni-Co-Al oxide; NF, nanofiltration; NMC, Li-Ni-Mn-Co oxide; PIM, polymer inclusion membrane; PIMED, polymer inclusion membrane
electrodialysis; PVDF, polyvinylidene fluoride; REEs, rare earth elements; RO, reverse osmosis; SED, selective-electrodialysis; SC-CO, supercritical carbon dioxide;
SCW, subcritical water; SLM, supported liquid membrane; UF, ultrafiltration; VMD, vacuum membrane distillation.
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